A linear hydrophone array which is towed in the ocean is subject to snakelike bending. If the array is processed as if it was truly linear, the author has shown that the bending causes a deflection of the measured bearing of a fixed source from its true bearing relative to the array. This deflection results from patterned perturbations in the true sensor positions along the nominal array axis. As the perturbation pattern changes with the flexing of the array, the source appears to move around. A probability model of the perturbations is used in order to develop a theoretical solution to the question' of how the space-time information gathered by the array is best used to measure source bearing. The method which is used to reduce the bending perturbation deflection of the bearing is to group the sensors into adjacent subarrays, proc•s these arrays over short time slices, average the subarmy bearings for each time period, and then to average the average over time. This averaging method significantly improves the bearing accuracy of the source when the array is bent according to the model. PACS numbers: 43.60.Cg, 43.60.Gk, 43.30.Vh FREQUENCY-WAVE-NUMBER BEARING ESTIMATION Beamforming is the most commonly used signal processing technique for measuring the bearing of a farfield source using a linear array of sensors. If the noise is Gaussian and incoherent, then Levin t has shown that the maximum likelihood estimator of the direction of arrival of a phane wave is the beam angie which maximizes the total received energy in the 1IT Hz bands in which the signal has energy. Levin's analysis is rigorously extended to a more general plane-wave model by Hinich and Shaman. 2 Their frequency-wave-number approach is exposired by Clay, Hinich, and Shaman? Other approaches to array processing using different assumptions about the signal and noise field are given by Bryn, 4 Burg, s Capon et al., s Ligett, 7 Hahn, s and Carter and Knapp • (for additional references see Refs. I and 3). 1540
In order to simplify the exposition, suppose that the signal detected by a sensor located at x at time t is a narrow-band plane-wave signal plus noise, denoted in complex variable notation p(t, x)=A exp{iw• t-(x/c)cose]} +n(t, x),
where A is a comple• amplitude which is slowly varying, c is the phase velocity of propagation, w 0 is the angular frequency, and • is the direction of propagation with respect to the array axis. The expected value of the noise n(x, t) is zero. Suppose that each sensor is simultaneously sampled for a T-sec period using a fixed sampling rate. case) goes to infinity, 12'ls provided that the array covariance matrix of the noise remains nonsingular in the limit. This will not be the case for a "thick" dipolaf cluster array if the noise field has some spatial coherence. The MacDonald-Schultheiss analysis holds in the limit for a two-element interferometer TM as the noise variance goes to zero? The approximation given by Eq. (4) holds for a high-gain array whose sensors are spread out (see Clay and Hinich•8).
When the array aperture is small or the post-filtering signal-to-noise is small, the measured bearing can be very bad. If, however, the source continues to radiate energy whose waves are coherent at the array, the sampling interval can be made sufficiently long in order to have a p which is large enough for ( Grouping the sensors into strictly adjacent subarrays severely reduces the aperture of the subarrays, reducing the spatial resolution. For a large array, however, the aperture can be sufficiently large to obtain sufficient gain from subarrays. The idea is to trade frequency resolution for increased bearing accuracy when the array's spatial resolution is degraded due to bending.
When the signal-to-noise at each sensor is sufficiently high, the subarray aperture can be increased and the statistical improvements of sequential grouping dis- (17) is an exponentially increasing function of •=/X 0. If the signal has broadband energy, the accuracy improvement for a given bending parameter *• is greatest for the smaller wavelength (higher frequency) signal components. The time slice T•A, however, must be sufficiently large to resolve the higher-frequency components. As long as the time correlation •/is near one, T o can be made sufficiently large to resolve the higher frequencies without a significant perturbation effect/n each piece. Moreover, the smaller wavelengths require smarter apertures to achieve a given level of bearing mse since W is defined in terms of X, and consequently Ma can be made smaller for the higher frequencies in order to compensate for a larger T•. It is important to note that when W is very large, the mss approximation given by expression {4) is smaller than the quantization error induced by using discrete g's to maximize the wave-number spectrum (or discrete t•'s in the beamforming search method).
Intuitively, the time-space averaging method works because T• and M• are sufficiently small, compared to the variation of the array geometry, so that the perturbation effect does not attenuate the signal energy for each piece. The number of pieces should be made as large as possible, given the resolution limits.
As long as the source is stationary, the total averaging period is arbitrary.
For a moving source, the time averaging can be modified to allow the bearing to track the source. For example, rather than simple averaging over time, compute the array average for each time slice, , and then fit the •, to a polynomial track by least squares. =ø In any event, the theoretical improvement over simple processing using averaging of subarrays has been demonstrated for the stochastic bending model presented in this paper, as well as for the sinusoidal patterus used in our previous paper.
